Abstract i-TED consists of both a total energy detector and a Compton camera primarily intended for the measurement of neutron capture cross sections by means of the simultaneous combination of neutron time-of-flight (TOF) and γ-ray imaging techniques. TOF allows one to obtain a neutron-energy differential capture yield, whereas the imaging capability is intended for the discrimination of radiative background sources, that have a spatial origin different from that of the capture sample under investigation. A distinctive feature of i-TED is the embedded Dynamic Electronic Collimation (DEC) concept, which allows for a trade-off between efficiency and image resolution. Here we report on some general design considerations and first performance characterization measurements made with an i-TED demonstrator in order to explore its γ-ray detection and imaging capabilities.
Introduction
Total Energy Detectors (TED) have been used since many years for radiative neutron capture cross section experiments [1, 2] in conjunction with the so-called PulseHeight Weighting Technique [3, 4] . Only recently the applicability of γ-ray imaging has been explored as a means to reduce backgrounds and enhance the sensitivity to the capture reaction channel of interest [5] . Here we present a detection system, which represents a first demonstrator of the so-called Total-Energy Detector with γ-ray imaging capability (i-TED) [6] . The suitability of i-TED as a totalenergy detector has been discussed on the basis of MC simulations in Ref. [6] and an experimental study using a neutron beam will be reported in a separate article. In this work we focus on the suitability of i-TED as a γ-ray imager. General considerations related to the Compton camera design are discussed in Sec. 2. Sec. 3 describes the technical aspects of the first assembled i-TED demonstrator. Measurements made in the laboratory to characterize the efficiency and resolution are discussed in Sec. 4 . Finally, Sec. 5 summarizes the main conclusions and next steps.
Dynamic Electronic Collimation
Detection efficiency and image resolution are two of the most relevant performance aspects of any Compton imager. These two elements are discussed in the following, with the aim of introducing the concept of Dynamic Electronic Collimation (DEC).
For Compton cameras based on two detection planes, the intrinsic γ-ray detection efficiency is determined by the efficiency of its scatter (S ) and absorber (A) detectors and by the distance between them d f . Hereafter, d f is referred to as focal distance because it determines also the attainable image resolution, as it is discussed below.
Assuming that the energy E of the incident γ-ray is known, the uncertainty on the Compton angle δθ can be approximated by the following analytic expression (see Ref. [7] ),
where θ is the Compton angle, m e is the rest mass of the electron, c is the speed of light, r is the distance between the first and the second interactions, and E is the energy of the scattered γ-ray. Uncertainties on these quantities are indicated by the prefix δ. Obviously, the first parameters to optimize in a Compton imager are the energyresolution δE and the spatial-resolution δr, because low uncertainties on these magnitudes lead to high angular resolution and imaging capabilities. In order to gain insight into this aspect, let us assume that the γ-ray source is sufficiently far from the detector, so that the distance between the first and the second interaction can be approximated by r d f / cos(θ). With such approximation one can illustrate in a simple manner the overall trend of the Compton angle uncertainty, or at least an upper limit for it. Thus, the uncertainty on the Compton angle δθ can be graphically displayed as a function of the focal distance d f , as demonstrated in Fig. 1 for a γ-ray source of 662 keV. The uncertainty δθ is shown in color scale for a series of spatial resolutions δr = 1 mm [8, 9] , 3 mm [10, 11, 12, 9 ] fwhm and energy-resolutions δE /E = 3.5%, 6.5% fwhm at 662 keV, representative of highresolution inorganic scintillation crystals (see Ref. [13] and references therein). For the graphical representation the value of E in eq. (1) was calculated using the Compton law for each scattering angle θ. For the relative energy resolution δE /E a 1/ √ E dependence was assumed with respect to the values quoted at 662 keV. The Doppler contribution to δE due to the momentum of the target electron [14] can be fully neglected because in this energy range it is much smaller than the intrinsic energy resolution of any inorganic crystal.
Regarding the quoted resolutions on δE and δr, clearly a good energy resolution (3.5% instead of 6.5%) has a large impact on the attainable angular (image) resolution, as it can be appreciated comparing Fig.1 (a) and (c) with Fig.1 (b) and (d). The intrinsic spatial resolution (1 mm or 3 mm) seems to have a lesser impact on δθ, at least for sufficiently large focal distances d f 30 mm.
For γ-ray energies different from 662 keV the general pattern of Fig. 1 remains rather similar, with the best (minimum) value of δθ changing from Compton angles of θ ∼ 45
• at 662 keV ( Fig. 1 ) down to θ ∼ 40 • (20 • ) at 1 MeV (5 MeV), and to θ ∼ 70
• at 150 keV. Thus, for each incident γ-ray energy there is a small shift between the Compton angle for the best angular resolution and the Compton angle corresponding to the maximum probability of the Klein-Nishina distribution [15] (see Fig. 2 ). Nevertheless, both follow the same trend with the γ-ray energy, which is a positive feature in terms of image reconstruction. In general, Compton angles around 0
• and 180
• lend to poor angular resolutions owing to the 1/ sin(θ) factor in eq. (1) . On the other hand, the low range of scattering angles 10
represents the most valuable contribution in terms of image reconstruction. The contribution of the first term in the latter expression increases with the inverse value of the scattered γ-ray energy to the fourth power, which lends to poor angular resolutions above θ ∼ 140
• , or even above ∼ 120
• , depending on the intrinsic energy resolution of the detector (see Fig. 1 ). In the high-resolution angular range (10
• ) the second term in eq. (1) contributes most, thus allowing one to enhance the angular resolution by means of increasing the scatter-absorber separation or focal distance d f . Because there is also a strong dependency between γ-ray efficiency and d f , the latter can be adjusted for a trade-off between detection efficiency and image resolution, or for maximizing either of them. This concept of Dynamic Electronic Collimation (DEC) enhances the fieldability and applicability scope of the Compton camera, when compared to a system where both S -and Adetection planes are at a fixed distance. This technique was first reported in Ref. [16] and recently it has been successfully applied in the field of 3D molecular Compton imaging by the group of Tokyo [17] .
The main advantage of DEC for the measurement of neutron capture cross sections is envisaged for the reduction of neutron-induced background radiation. Indeed, in neutron TOF measurements the signal-to-background ratio typically decreases with increasing neutron energy due to the 1/v dependency of the cross section and the relatively flat background rate (see for example Fig. 6 in Ref. [18] ). Thus, it may become possible to sample a broad neutron energy range using different values of d f , which are adjusted to each specific neutron-energy decade or energy interval for an optimal background discrimination and sufficient counting statistics. DEC will be further discussed in Sec. 4 on the basis of dedicated laboratory measurements. It is also worth noting that, for the quoted intrinsic position-and energy-resolutions, the maximal useful focal distance d f is of about 40-60 mm in all cases. Indeed, beyond that distance there is essentially no gain in resolution and only a strong decrease in efficiency would be obtained.
Finally, there are two experimental effects which constrain remarkably the angular resolution displayed in Fig. 1 . They are discussed in the following two sections.
Geometry constraints
The geometry of the detection setup determines to a large extent the total detection efficiency, but it also constrains the maximum Compton angle that can be measured. This is schematically illustrated in Fig. 3 for a simplified model based on two parallel detection planes. Assuming S -and A-detectors of sizes s and a, respectively, the maximum measurable Compton angle for a centered source at a distance d s is given by,
Note that in the latter equation, both terms cannot be grouped in one single term using the arctangent addition formula arctan(u) 
80
• . This constraint represents already a significant loss in terms of usable Compton angles. Such θ Max limit for a source at d s = 10 cm is shown in Fig. 1 
• over a broad range of energies (see Fig. 2 ). However, the low angular range is constrained by another experimental effect, which is described below.
Threshold effect
A further ineluctable experimental effect, which impacts the performance of the Compton camera is the (noise-rejecting) threshold in the Scatter detector. Due to the Compton scattering law, a cut in deposited energy is directly translated into a threshold for the lowest measurable Compton angle. For γ-quanta of 662 keV this relationship is illustrated in Fig. 5 . A threshold of 100 keV in the S -detector therefore leads to a bottom limit on the detectable angle of θ min ∼ 30
• . Such threshold constraint is also indicated by dashed lines in Fig. 1 .
In summary, due to the aforementioned geometry-and threshold effects, only the central region of Compton angles becomes experimentally accessible (see Fig. 1 ). Although this statement strictly holds only for a centered γ-ray source and the simple geometric model used, it serves to provide a realistic idea about some of the main constraints in the design of a Compton camera. For a 100 keV noise-rejecting threshold in the S-detector and the a = 2 × s configuration, the range of measurable angles is constrained to 30
• − 100
• for 662 keV γ-rays depending on d f . The next sections present the assembly and realization of a Compton imager built according to the concepts discussed above. 
Materials
i-TED is based on the Compton camera design with the aforementioned a = 2 × s configuration. The positionsensitive scatter detector (S) consists of a 50×50×10 mm 3 LaCl 3 (Ce) monolithic crystal optically coupled with silicon grease (Saint Gobain BC-630) to a silicon photomultiplier SiPM (SensL ArrayJ-60035-64P-PCB), which features a segmentation of 8×8 pixels. The absorber detector is based on an array made from four co-planar LaCl 3 (Ce) blocks, each of them with a size of 50×50×25 mm 3 LaCl 3 (Ce) and readout by the same type of SiPM sensors. Thus, the full detection system comprises 320 channels, which are readout by means of front-end and processing PETsys FEB/D-v2 electronics [19] . Thermal stabilization of the ASICs is accomplished by means of 20×20 mm 2 Peltier cells (FPH1-7106NC) thermally coupled to the external chip surface by means of non-silicone heat transfer compound (HTCP20S from Electrolube). In order to optimize cooling performance, the hot side of the Peltier cell is also thermally coupled to a small metallic heatsink assembled to a mini DC-axial fan (MC36358 from Multicomp), which helps to dissipate heat efficiently. Further details about the instrumentation related to the position sensitive detectors can be found in Ref. [9] . A picture of the whole assembled detection system is shown in Fig. 6 . Fig. 7 shows a picture of the full set-up with the A-detction layer taken appart to illustrate better the different components. The information about the distance d f between the S -and A-layers is directly fed into our data-stream and afterwards used for the image reconstruction (see Sec. 4).
Measurements and results
An energy calibration of each detector is performed in the full energy range from 122 keV up to 1410 keV using a radioactive source of 152 Eu. The energy resolution at 662 keV ranges between 6 % and 10 % at fwhm for all the crystals. A time coincidence window of 10 ns is used between the S-and the A-detectors to select γ-ray hits corresponding to the same event. The sum energy spectrum of the S and A layer in time coincidence is displayed in Fig. 8 and shows an average resolution of 9 % fwhm at 662 keV. The intrinsic position reconstruction in each crystal is made by fitting the analytic expression of Li et al. [8] as described in Ref. [9] . Thus, an intrinsic position resolution of about 1 mm fwhm is achieved for both S-and A-detectors, respectively. The depth-of-interaction (DOI) in each crystal is obtained from the measured area at halfheight of the scintillation-photon distribution for each registered event, as described also in Ref. [9] .
Backprojection method
A simple backprojection method has been implemented in order to reconstruct the Compton image at the plane of the γ-ray source. For illustrative purposes a point-like 22 Na source with an activity of 416 kBq was centered at a distance of 165 mm in front of i-TED. The latter was operated with a focal distance d f = 30 mm during a measuring time of 900 s. The image was formed by defining a pixelated plane at 165 mm in front of the detector with squared voxels of 5 mm size. The latter were then filled with the geometric intersection of each Compton cone with the plane, following a similar approach as the one reported in Ref. [20] . The result obtained for the 2D-image is displayed in Fig. 9 . A selection of ±4 pixels, corresponding to ±20 mm was made around the maximum of the reconstructed distribution in order to analyze the image projection over the x-and y-coordinates. The width of these projections is used below in Sec. 4.3 as an estimate for the image resolution.
Efficiency versus focal distance
The efficiency for 662 keV γ-rays was measured as a function of the distance between the S -and A-layers. To this aim a point-like 137 Cs source with an activity of 210.4 kBq was placed at a distance of 165 mm from the center of the Compton camera. The efficiency was determined as a function of the distance between scatter and absorber detection planes by performing a series of measurements in steps of ∆d f = 2 mm. Each measurement lasted for 15 minutes. The results are displayed in Fig. 10 and show a dependency with the focal distance d f given by ε γ = 1.
(%). For comparative purposes the efficiency extrapolated at a distance of d s = 30 mm is also shown on the righthand side vertical axis. This will be used later in Sec. 5 for the discussion of the results.
Angular resolution versus focal distance
The series of measurements described in the previous section were analyzed with the backprojection method and the angular resolution to the level of one standard deviation was obtained as a function of the focal distance d f . The results are displayed in Fig. 11 . The angular resolu- • for focal distances of 20 mm and 50 mm, respectively. In this range, the angular resolution is described by δθ = 15.8(9) − 0.14(2) · d f in degrees. For focal distances above d f = 50 mm the angular resolution tends to a constant value of 8.5 (3) • . This trend is expected from the rather constant resolution shown in the diagrams of Fig. 1 at large d f distances.
Field of view
In order to explore the field of view of i-TED a measurement was carried out placing the 22 Na source at nine different positions in front of the imager forming a cross with a spacing of 150 mm. To prevent human error and eliminate any uncerainty related to the positioning of the source with respect to the imager a vertical gantry was setup as shown in Fig. 12 using LRT1500AL linear stages from Zaber Technologies Inc. The latter have an accuracy of 375 µm and a repeteability error of < 2 µm.
The gantry was controlled and synchronized with our data-acquisition system, in a similar way as described in Ref. [9] . The distance between the central position and the imager was of 165 mm. A focal distance of d f = 30 mm was used in these measurements. The results for the reconstructed Compton images are shown in Fig. 13 both in Cartesian-and spherical coordinates. Considering the simple backprojection reconstruction method implemented here the results are rather satisfactory because the reconstructed source positions coincide well with the true source positions in the main part of the field of view. A certain compression and loss of sensitivity can be appreciated in the peripheral positions. In this respect, better results could be probably obtained by means of a more sophisticated method such as maximum-likelihood estimation [21, 22, 23] . However, this is out of the scope of the present work. Still, an angular field of view of about 2/3 of 2π can be estimated from this measurement using the backprojection approach.
Discussion and outlook
i-TED is a high-efficiency Compton imager, which implements the new concept of Dynamic Electronic Collimation for enhanced fieldability and optimization of the measuring time. In this work an i-TED demonstrator based on five large LaCl 3 (Ce) monolithic crystals and 320 readout channels has been assembled and characterized in terms of efficiency and imaging capabilities.
Efficiency is a key aspect for i-TED in order to keep the total measuring time within reasonable limits in neutron capture TOF experiments. Compared to other scintillatorbased Compton cameras with efficiencies reported in a similar energy range [17, 24] , the efficiency reported here is a factor of ∼50 higher. This feature can be ascribed to the large sensitive volume of i-TED and the use of large and continuous (non-pixelated) scintillation crystals.
Angular resolutions between 8
• and 14
• have been obtained so far, which are quite satisfactory when considering the simple backprojection algorithm implemented. Such angular sensitivity should enable a significant reduction of the γ-ray background associated with external background sources in neutron capture TOF experiments [6] . The angular resolution found here is comparable to values reported recently, for example in Ref. [25, 24] for a similar focal distance of d f ∼ 20 mm. On the other hand, our resolution is approximately a factor of ∼2 worse than the values reported in Ref. [17, 26] for similar focal distances. This difference can be ascribed to the maximum likelihood expectation maximization (ML-EM) method used in the latter work for the position reconstruction, and also to the better spectroscopic performance of their detectors.
There are several aspects related to the performance of i-TED which we plan to improve. One of them concerns the energy resolution of several of the detectors used, which was above the expected value due to a few channels missing in the readout electronics chain. An improved energy resolution will lead to a lower angular incertitude and improved overall imaging performance or, correspondingly, background rejection. Additionally, we plan to reduce the energy threshold of our S detector, which should yield a better sensitivity to the Compton angles in the low range (10
• ) of the highresolution angular regime (see Fig.1 ). The i-TED background rejection algorithm conceived thus far for neutron capture TOF experiments is based on an analytic (backprojection) event-by-event decision, as described in Ref. [6] . In this respect we plan to explore the viability to combine more sophisticated maximum-likelihood expectation algorithms with the PHWT for the determination of the cross section. Finally, next steps include new measurements with i-TED using the pulsed neutron-beam of CNA-Seville, as a preliminary study before the commissioning at CERN n TOF in 2021 after the long shutdown LS2. For the measurements at CNA we plan to implement LiH neutron absorbers to reduce the intrinsic neutron sensitivity of i-TED, as discussed in Ref. [6] . By exposing the detector to the neutron beam we plan to perform a neutron sensitivity study similar to the one carried out in the past at FZK using C 6 D 6 detectors [27] .
